Cold agricultural regions are important sites of global food production. This has contributed to widespread water quality degradation influenced by processes and hydrologic pathways that differ from warm region analogues. In cold regions, snowmelt is often a dominant period of nutrient loss. Freeze-thaw processes contribute to nutrient mobilization. Frozen ground can limit infiltration and interaction with soils, and minimal nutrient uptake during the nongrowing season may govern nutrient export from agricultural catchments. This paper reviews agronomic, biogeochemical, and hydrological characteristics of cold agricultural regions and synthesizes findings of 23 studies that are published in this special section, which provide new insights into nutrient cycling and hydrochemical processes, model developments, and the efficacy of different potentially beneficial management practices (BMPs) across varied cold regions. Growing evidence suggests the need to redefine optimum soil phosphorus levels and input regimes in cold regions to allow achievement of water quality targets while still supporting strong agricultural productivity. Practices should be considered through a regional and site-specific lens, due to potential interactions between climate, hydrology, vegetation, and soils, which influence the efficacy of nutrient, crop, water, and riparian buffer management. This leads to differing suitability of BMPs across varied cold agricultural regions. We propose a systematic approach ("CUPCAKE"), to achieve water quality objectives in variable and changing climates, which combines nutrient transport process Conceptualization, Understanding BMP functions, Predicting effects of variability and change, Consideration of producer input and agronomic and environmental tradeoffs, practice Adaptation, Knowledge mobilization, and Evaluation of water quality improvement.
H umans face a grand challenge of producing sufficient food for the growing population while minimizing pollution to the environment (Davidson et al., 2015) . Cold climate regions, which are characterized by an average air temperature above 10°C in their warmest months and a mean temperature below −3°C in their coldest month (i.e., the "D" class in the Köppen-Geiger climate classification system; Peel et al., 2007) , cover a wide span of latitudes, from the Great Plains, Great Lakes and Maritime regions in North America, to northern Europe and northern Asia (Fig. 1) . These regions constitute an important part of global crop and livestock production (Liu et al., 2018) ; however, there has been a growing concern over agricultural water quality in these regions, specifically the transport of nutrients (i.e., phosphorus [P] and nitrogen [N] ) from agricultural landscapes that has contributed to the eutrophication of downstream lakes and estuaries. Indeed, agriculture is a significant contributor to the eutrophication of several large water bodies located in cold climate regions, such as Lake Winnipeg (Schindler et al., 2012) , Lake Erie (Scavia et al., 2014) , and the Baltic Sea (Gustafsson et al., 2012) . Although implementation of beneficial management practices (BMPs) has successfully reduced nutrient losses in some regions , the identification of appropriate BMPs has been an impediment to progress in other cold regions (Baulch et al., 2019) , because key hydrological and biogeochemical processes may differ regionally across cold climates. This has created a need to review key hydrological and biogeochemical characteristics of cold agricultural regions and assess BMP efficacy across varied cold regions to shed light on management options to achieve water quality objectives.
A special section of 23 papers ( Fig. 1 ) has been compiled to improve our understanding of the state of the science and management related to agricultural water quality in cold environments. Using the findings of those papers, this introductory paper summarizes key hydrological and biogeochemical
In cold agricultural regions, several unique features distinguish agronomic, biogeochemical, and hydrological processes from those in warm climate regions (Fig. 2 ). These differences have important implications for both the supply and transport of nutrients in the environment, as well as how to reduce pollution originating from agricultural watersheds. Commonly, cold climate regions have distinct relatively warm summers and cold winters. In winter, crops and soils typically experience a period of snow cover and freezing, which can affect various aspects of the cycling of nutrients. Growing seasons in cold agricultural regions are short and only one crop is usually grown. Consequently, year-round nutrient removal by crops tends to be small (Liu et al., 2019a) , and there is a long nongrowing season that can be important to chemical export (Plach et al., 2019) .
At cold temperatures, nutrients added to the soil through crop residues and livestock manures have low mineralization rates due to reduced microbial activity ( Jarvis et al., 1996; Blackwell et al., 2010) . The rate of P release from soil to soil pore water is slower at cold temperatures than under warm conditions, due to slower reductive dissolution reactions and P diffusion (Dharmakeerthi et al., 2019) . Although the cold temperatures may slow down biogeochemical reactions in soils, reducing the rate of nutrient release, these processes may be countered by other processes that can increase nutrient mobilization. The low rate of soil nutrient release may be offset by a prolonged flooding period (Dharmakeerthi et al., 2019) and by the long period of time between the last runoff event (often in fall) and snowmelt, which can contribute to the frequently high nutrient concentrations in snowmelt (Macrae et al., 2010; Schneider et al., 2019; Wilson et al., 2019a) . After freeze-thaw cycles, the release of nutrients from soils (Liu et al., 2019b) and plant materials (e.g., crop residues and vegetated buffer strips; Costa et al., 2019; Liu et al., 2019b; Vanrobaeys et al., 2019) can be elevated. Also, nutrients added to soils with livestock manure Vadas et al., 2019) , synthetic fertilizers (Van Esbroeck et al., 2016) and crop residues (Cober et al., 2019) in fall and winter are exposed to a prolonged nongrowing season during which there is high potential for losses to the environment. However, it should be noted that some studies have suggested the potential of soils to sorb P that is released from vegetation or present in runoff under cold conditions (Liu et al., 2019b; Satchithanantham et al., 2019) . There is still a lack of understanding of how soils interact with vegetation and runoff water in influencing nutrient losses in cold agricultural regions.
In addition to nutrient supply, nutrient transport in cold agricultural regions also differs from warmer regions. In cold agricultural regions, precipitation can occur as rain, snow, and rain on snow. Characteristics of snowmelt runoff are different from those of rainfall runoff. First, when precipitation falls as snow, there is a long delay between snowfall and when the melting snow generates runoff. Second, after snow falls, it can accumulate on the soil surface and be redistributed by wind, resulting in spatial variation in snow depths throughout the landscape (Pomeroy et al., 2008) . Thus, different areas within the landscape may receive vastly different hydrologic "inputs" when the snow melts, affecting the volume of runoff generated from that area. Third, when snowmelt runoff occurs on frozen soils, infiltration and nutrient retention by soil are limited (Gray et al., 2001) , and due to the slow nature of melt runoff, runoff water can have prolonged contact time with surface soils. Overall, during the nongrowing season and early growing season of cold climates, actual evapotranspiration is low and the precipitation/ evapotranspiration ratio is relatively high, resulting in high runoff potential. This can elevate the risk of nutrient losses in cold climates, particularly when there is a supply of nutrients from sources such as fertilizer, manure Vadas et al., 2019) , plant materials (Costa et al., 2019; Liu et al., 2019b) , and surface soils (Liu et al., 2019a; Wilson et al., 2019b) .
The role of snowmelt in annual runoff can vary greatly with climate. Likewise the duration, depth, and extent of soil frost has high spatial and interannual variation. Partitioning between surface runoff and subsurface drainage is affected both by climate regimes and by antecedent soil thermal and moisture conditions (Gray et al., 2001; Macrae et al., 2010) , as well as management practices such as artificial drainage (Plach et al., 2019) . This partitioning can have substantive impacts on water quality. Climate change will have important impacts on cold region hydrology and already appears to be increasing the importance of rain on frozen soils and rain on snow events, and overall rainfall runoff in some regions, such as the northern Great Plains . Jointly, these factors have contributed to a high degree of spatial and temporal variability in nutrient transport in cold agricultural regions (Hoffman et al., 2019; Wilson et al., 2019a) .
It should be noted that in addition to the unique agronomic, biogeochemical, and hydrological characteristics described above, the warm seasons of the cold agricultural regions have many common biogeochemical and hydrological characteristics with warm regions; however, such processes have a much narrower window of time in which to occur. As knowledge related to warm season processes has been well documented in numerous publications elsewhere ( Jarvie et al., 2013; Rittenburg et al., 2015) , we opt not to describe these in detail here and instead emphasize cold-season processes.
Drivers of Agricultural Water Quality in Cold Climate Regions
Across cold agricultural regions, nutrient transport associated with the nongrowing season, and snowmelt in particular, is a focal area of research. The nongrowing season is identified as a critical period for nutrient losses in cold agricultural regions in Europe (Ulén et al., 2019) , and the Laurentian Great Lakes region Plach et al., 2019; Sadhukhan et al., 2019) and northern Great Plains of North America (Liu et al., 2019a) . In the Laurentian Great Lakes region, for example, Plach et al. (2019) report that the nongrowing season contributes an average of 81% of annual edge-of-field runoff (surface + subsurface), 76% of soluble reactive P, and 78% of total P losses from three cropped fields over 5 yr in Ontario, Canada. In Wisconsin, USA, Good et al. (2019) observe that 62 to 72% of total dissolved P export and 45 to 51% of total P export occur when soils are frozen or during the thaw period.
The contribution of snowmelt to annual runoff and nutrient losses presents regional differences. In regions with relatively mild winters such as southwest Wisconsin, USA, Hoffman et al. (2019) find that P runoff loss is dominated by snowmelt or rain on snow events in approximately half of 12 monitoring years and by summer rain events in the other half. In contrast, in regions with harsher winters such as the northern Great Plains, snowmelt plays a more dominant role in annual runoff and total P loss. Meteorological and water quality monitoring over 18 yr in Manitoba, Canada, shows that although snow accounts for a relatively small proportion of the annual precipitation (the ratio of snow water equivalent to rainfall » 1:5), snowmelt runoff contributes an average of 75% of the annual runoff and 71% of the annual total P loss (Liu et al., 2019a) . Similarly, in an edge-offield study conducted over a 3-yr period, Kokulan et al. (2019) report that 22 to 91% of annual runoff, 24 to 98% of dissolved reactive P, 29 to 97% of total P, and 3 to 50% of nitrate losses occur during the snowmelt period and are associated with surface runoff on frozen ground. Assisted drainage may affect these patterns. For example, in watersheds where snowmelt dominates runoff, more extensive networks of drainage ditches tend to increase overland nutrient losses due to enhanced hydrological connectivity .
Total P concentrations in snowmelt runoff are dominated by dissolved P forms in some regions (Hoffman et al., 2019; Kokulan et al., 2019; Liu et al., 2019a) , but by particulate P forms in other regions (Plach et al., 2019 ). This appears to be at least partly related to the status of soil freezing at the time of runoff occurrence, and it can depend on soil type. Across 26 fields in Wisconsin and Minnesota, USA, Zopp et al. (2019) observe that the flow-weighted mean total P concentrations in runoff from mixed precipitation events (rainfall and snow) are dominated by dissolved P forms when the soil is frozen, and for nonfrozen soil conditions, total P is frequently dominated by particulate P forms. The results are supported by Good et al. (2019) , who emphasize that runoff over frozen soils or partially frozen soils is particularly important for the loss of total dissolved P. However, Wilson et al. (2019b) report that although the P in snowmelt runoff is frequently dominated by dissolved forms in Manitoba, Canada, high rates of particulate P loss can result from erosion of frozen soils in some circumstances, necessitating further research to elucidate the drivers of this erosional P loss from frozen soils during snowmelt (Wilson et al., 2019b) .
Another important pattern in cold climate regions is that nutrient concentrations in agricultural streams often show strong seasonality. In Manitoba, Canada, Casson et al. (2019) examine the seasonality of P concentrations and their relationships to streamflow in eight, agriculture-dominated streams. They find that although P dynamics in spring snowmelt runoff are significantly correlated with discharge and flowpath metrics, during the growing season, the P concentrations exhibit coherent seasonal peaks across years and catchments, independent of flow dynamics. Their results suggest that the drivers of P dynamics in streams vary by season, and the results point to a more important role of seasonality than landscape characteristics in influencing the dynamics of P concentrations in streams (Casson et al., 2019) .
Characteristics of runoff and nutrient losses in cold agricultural regions can also be greatly affected by large-scale climatic patterns (both spatially and temporally). In northwestern Europe, for example, weather patterns are influenced by the intensity of the North Atlantic Oscillation, which can have effects such as warmer air temperatures and greater amounts of rainfall in winter (Hurrell, 1995) . In Sweden, Ulén et al. (2019) report that a greater intensity of North Atlantic Oscillation (positive index) leads to more winter freeze-thaw cycles and less snowfall in winter, and increases total N and total P losses in subsurface drainage. In some other cold regions such as a large region of southern Canada, local precipitation regimes are significantly affected by the Southern Oscillation phenomenon (i.e., El Niño and La Niña) (Shabbar et al., 1997) , which can produce vastly contrasting winter conditions (i.e., warm winters with little snowfall or cold winters with substantial snowfall). This phenomenon may have contributed to the interannual variability of runoff and nutrient losses in the Laurentian Great Lakes region (Plach et al., 2019) . Thus, an improved understanding of the control of large-scale climate patterns on nutrient loading is needed.
Management Options for Agricultural Water Quality in Cold Climate Regions
Cold agricultural regions are facing many of the same water quality management challenges as warm climatic regions, with elevated nutrient export constituting a major threat to aquatic ecosystems. The BMPs that have been developed to mitigate nutrient losses in warm regions have been relatively well characterized (Sharpley et al., 2015) , and they may be effective during the warm seasons in cold agricultural regions. However, cold agricultural regions also face other water quality management challenges such as high nutrient export associated with winter and fall nutrient applications, and elevated nutrient release associated with freeze-thaw cycling. Accordingly, the biogeochemical and hydrological conditions that are characteristic of cold climate regions require consideration when applying BMPs developed for warmer regions. Indeed, such warm region BMPs can be less effective or can even exacerbate water quality issues (Kieta et al., 2018; Baulch et al., 2019) . In this special section, a series of studies have evaluated the efficacy of various management options in reducing nutrient losses in cold agricultural regions. Management options considered in this special section range from in-field nutrient, crop, and water management to edge-of-field and along-stream nutrient purification systems such as vegetated buffer strips (Table 1) . A systematic, adaptive management approach to assess management options in variable and changing climates is also discussed.
Nutrient Management
The principles of nutrient management BMPs are to reduce the total amount of nutrients available for loss, to decrease the mobility of nutrients, and to limit the risk of transport of nutrients by isolating them from areas of high hydrologic connectivity. The sources of nutrient loss from cropland to water can be categorized as recently applied nutrients (i.e., manure and fertilizer nutrients) and legacy soil nutrients from (Vetsch et al., 2019) . Gypsum amendment reduces P release to pore water and floodwater, but woodchip biochar does not (Dharmakeerthi et al., 2019) .
Nutrient rate management Implementing soil drawdown practice by reducing P input in combination with crop removal reduces total dissolved P concentrations in both snowmelt and rainfall runoff without affecting crop yields (Liu et al., 2019a) . Maintaining low or moderate soil test P to reduce P concentrations and loads in snowmelt runoff (Wilson et al., 2019b; Zopp et al., 2019) . Decreasing N application rates reduces nitrate leaching in tile drainage (Vetsch et al., 2019) . Applying N fertilizers in split rates reduces reactive N losses .
Nutrient timing management Spring fertilizer applications reduce nutrient losses in tile drainage as compared with fall applications Smith et al., 2019; Vetsch et al., 2019) . Tillage prior to fall and winter manure applications reduces nutrient loss Vadas et al., 2019; Zopp et al., 2019) .
Nutrient placement management Injection of liquid manure reduces N and P (Sadhukhan et al., 2019) leaching during nongrowing seasons as compared with surface applications.
Targeting manures to un-or less-frozen soils reduces nutrient losses in surface runoff as compared with applications to frozen soils Zopp et al., 2019) .
Crops and cropping systems Cover crop and crop residue management After freeze-thaw cycles, crop residues become a source of nutrients to snowmelt and the release can occur within several hours of snowmelt (Costa et al., 2019) . Winter P release from cover crops is affected by crop species. Although the P released from cover crops is often in a substantial amount, the contribution to surface runoff and drainage can range from negligible (Cober et al., 2019) to important (Liu et al., 2019b) , depending on regions.
Conversion of cropping systems Conversion from conventional tillage to no-till increases snowmelt runoff volumes and nutrient losses (Schneider et al., 2019) .
Using green manures in place of summer fallow increases snowmelt P losses (Schneider et al., 2019) .
Water
Tile drainage Tile drainage is effective at routing runoff in the Great Lakes region, in some cases reducing P loss (Plach et al., 2019) , but has little effect in the northern Great Plains (Kokulan et al., 2019) .
Increasing or restoring water storage capacity on the landscape Increasing or restoring storage of water on the landscape can likely help to reduce nutrient exports from watersheds in the northern Great Plains .
Vegetated riparian buffers Management of vegetation and soil in the buffers
The soil in vegetated riparian buffers perform as a sink to sorb runoff P at low soil P concentrations but as a source to P loss at high soil P concentrations (Satchithanantham et al., 2019) . Vegetated filter strips have some efficacy in retaining P in summer but fail to work in cold winter or spring, indicating the need to enhance their performance in warm seasons and to remove vegetation during winter (Vanrobaeys et al., 2019) .
Variable and changing climates
Selecting BMPs A systematic, adaptive management approach should be used to assess management options through a filter of variable and changing climatic conditions, and broader environmental and management changes.
former natural ecosystems and subsequent land management practices (i.e., deforestation, tillage, and previous fertilizer and manure applications). The two categories of nutrient sources may require different sets of management practices, and often, nutrient management is implemented together with other management practices. For example, tillage has been frequently used to incorporate manure and fertilizer that are applied on the soil surface, acting as an important measure for ensuring appropriate placement of nutrients (Liu et al., 2017) . Additionally, tillage can affect nutrient transport through modified soil structure and soil surface characteristics .
Management of Manure and Fertilizer Nutrients
The concept of "4R" nutrient stewardship (i.e., Right source, Right rate, Right time, and Right place) forms a strong foundation for nutrient management to achieve both agronomic and environmental objectives. Fertilizer management to meet water quality objectives in cold agricultural regions requires applying fertilizers at rates that optimize crop production while minimizing nutrient loss from soil. Vetsch et al. (2019) evaluate the impacts of N fertilizer application rate and timing on nitrate loss in subsurface drainage in a 5-yr corn (Zea mays L.)-soybean [Glycine max (L.) Merr.] rotation in Minnesota, USA. They find that nitrate concentrations and loads in subsurface tile drainage water increase with N fertilizer application rates. Further, the addition of a nitrification inhibitor, nitrapyrin, to the N fertilizer does not reduce nitrate in tile drainage water or improve corn yields. Spring application of fertilizer N at the guideline rate (134 kg N ha −1 ) produces corn yields equal to or higher than fall application at a higher rate (179 kg N ha −1 ). Vetsch et al. (2019) conclude that managing nitrate concentrations and loads in tile drainage water requires applying the recommended rate of fertilizer N to agricultural soils at the optimal time. The placement of fertilizer is also important. In a recent review of P fertilizer management in the northern Great Plains, Grant and Flaten (2019) concluded that P fertilizer (ammonium phosphate) should be applied in a band, in or near the seed-row at the time of seeding and at a rate that matches P removal by the crop to maximize P use efficiency, long-term sustainability, and environmental protection for small-grain, oilseed and pulse crops. In Ontario, Canada, find that fertilizer placement in the subsurface reduced N and P losses in leachate, particularly in partially frozen soils, where preferential transport is enhanced.
The timing of manure nutrient application is also important in governing water quality. Although fall and winter manure applications are questioned for their potentially adverse impacts on water quality, they are common practices in many cold agricultural regions where spring manure application is limited by on-farm manure storage capacity and a narrow period for application in spring (Liu et al., 2018) . Nutrient losses associated with fall and winter manure applications are affected by soil moisture and temperature conditions , and runoff hydrology . Stock et al. (2019) find that nutrient loads associated with winter manure applications can be reduced when targeting manure applications to soils with less frost development, as such soils have greater infiltration potential and hydraulic conductivity than frozen soils. Vadas et al. (2019) point out that manure P concentrations in runoff after winter manure applications are predominantly affected by runoff hydrology (i.e., both the amount of water available to extract P from manure and the ratio of runoff volume to rain or snowmelt volume). In certain circumstances (i.e., wet falls), fall manure applications can result in similar amounts of or even more P losses in surface runoff than winter manure applications (Liu et al., 2017) . Stock et al. (2019) and Vadas et al. (2019) further show that soil and hydrological conditions are more reliable than date in determining manure application timing. If winter manure applications must occur, they should be before snow cover or significant soil frost develops and onto a rough soil surface that can promote depressional water storage and infiltration. Several studies have confirmed that fall tillage prior to fall or winter manure applications can reduce nutrient losses Zopp et al., 2019) , because the tillage can effectively increase soil surface roughness, which helps to retain runoff and nutrients on the land. This may be most effective in landscapes in which dissolved P losses dominate but could be problematic in areas prone to more soil erosion and greater particulate P losses. Furthermore, Sadhukhan et al. (2019) report that manure injection or incorporation, if soil conditions allow, can significantly reduce P loss in tile drainage during the nongrowing season, as compared with surface manure application.
In a study using a revised version of the DeNitrification DeComposition (DNDC) model, Smith et al. (2019) examine long-term N losses in tile drainage from nine organic and nine inorganic fertilizer management scenarios in eastern Canada and the US Midwest. They report much greater reactive N losses from sandy loam soils than from clay loam soils. They suggest that to reduce N losses in cold agricultural regions, it is preferable to apply manure in spring rather than fall, inject or incorporate manure instead of broadcast, and use mineral fertilizer N in split rates . In a related study using the DNDC model, He et al. (2019) further report that despite climate variability, spring-applied manure tends to result in less nitrate leaching and nitrous oxide emissions than fall application when manure rates are managed according to crop N requirements.
Management of Soil Nutrients
The management of soil nutrients to achieve nutrient load reductions has received relatively less research attention in cold agricultural regions. This is because the interaction between snowmelt and soil is generally low (Gray et al., 2001 ), leading to an assumption that the associated efficacy of soil nutrient management in reducing nutrient loads is also low, an assumption that is not supported by research (Liu et al., 2019a) . In the Canadian Prairies, Dharmakeerthi et al. (2019) test the effects of different soil amendments (i.e., gypsum and woodchip biochar) on P release from soil to pore water and floodwater under simulated spring snowmelt and summer flooding conditions. They find that gypsum amendment is very effective in reducing P release under both cold and warm conditions, but biochar is not. In a field lysimeter study conducted in Sweden, however, Riddle et al. (2019) showed that biochar coated with magnesium (hydr) oxide reduced P leaching in both organic and mineral soils. The contrasting biochar results of Dharmakeerthi et al. (2019) and Riddle et al. (2019) suggest the potential influence of climate and soil conditions and biochar type on P turnover.
There is a need to redefine optimum soil P levels in cold agricultural regions to meet water quality targets while still maintaining yield goals. In the Canadian Prairies, Liu et al. (2019a) show that a reduction in soil P through a combination of lowering fertilizer P input and removing soil P by crop harvests can significantly reduce P concentrations in both snowmelt and rainfall runoff without affecting crop yields. Soil Olsen P content can respond rapidly, with a reduction of 3 to 5 mg kg −1 yr −1 during the first 3 yr after reduction of P inputs. This novel finding is important for cold regions like the Canadian Prairies, where the majority of P losses are in the dissolved form, and runoff occurs primarily via overland flow reacting with surface soils (Kokulan et al., 2019 )-a region where the efficacy of many other BMPs is limited (Baulch et al., 2019) . However, as other factors such as precipitation drivers (Van Esbroeck et al., 2017; Wilson et al., 2019b) , hydrology (Casson et al., 2019; Wilson et al., 2019b) , antecedent soil moisture (Macrae et al., 2010; Wilson et al., 2019b) , and soil biogeochemistry (Plach et al., 2018) are also important in influencing P transport, how, the extent to which, and the timeframe in which the management of soil legacy P will affect P loads are still unclear and may vary across regions. In the past, soil P levels recommended for agronomic purposes have been based on the top 0 to 15 cm of soil, but several studies have suggested that the 0-to 5-cm soil layer is particularly important in determining P concentrations in snowmelt runoff (Liu et al., 2019a; Wilson et al., 2019b; Zopp et al., 2019) . Moreover, P fertilizer is typically applied no deeper than 5 cm. Defining soil P levels for the 0-to 5-cm soil layer may potentially improve our understanding of the relationship between soil P levels and P loss and shed light on better management of near-surface P to achieve load reductions. This will be particularly important in colder regions where runoff is restricted to the near-surface layer by frozen soil beneath.
Management of Crops and Cropping Systems
Given the long nongrowing season in cold agricultural regions, growing cover crops and maintaining dense crop residue cover have been suggested as management strategies to prevent soil erosion and reduce N leaching (Aronsson et al., 2016) . For example, a 2-yr study performed in Sweden showed that N leaching can be reduced by 63% by a ryegrass (Lolium perenne L.) cover crop (Bergström and Jokela, 2001 ). However, concern arises in that the release of nutrients (particularly dissolved P) from vegetation after freeze-thaw may contribute to P losses in surface runoff and subsurface drainage. Indeed, a comprehensive review assessing the impacts of cover crops and crop residues on P loss reveal that after freeze-thaw cycles, the plant materials can release a substantial amount of P to rain water and snowmelt (Liu et al., 2019b) . This is supported by a laboratory study examining nutrient release from alfalfa (Medicago sativa L.) residue to simulated snowmelt, in which Costa et al. (2019) find that nutrient losses from the residue increase with a greater number of freeze-thaw cycles, and that after repeated freezethaw cycles, significant nutrients are released within the first few hours of runoff. Additionally, in a field study evaluating cover crops in the Great Lakes region, Cober et al. (2019) observe significant winter P release from four cover crop species and that the amount of P release varies with crop species. However, Cober et al. (2019) also observe that this P release does not result in elevated P concentrations in surface or subsurface runoff, which are instead more closely related to soil P concentrations.
In contrast, some studies have observed a strong association between vegetative P release and P in runoff or drainage (Liu et al., 2019b) . Collectively, these works show that cover crops can affect P dynamics in different ways, and that their efficacy may vary regionally. For example, Cober et al. (2018) found that P loss from vegetation in winter was affected by frost magnitude and suggested that the potential for P loss from vegetation was smaller in regions with milder winters. Indeed, the inconsistency of results is likely due to potential interactions among climate, hydrology, crop, and soil, which determine the overall impacts of cover crops and crop residues on nutrient losses. This identifies the need for more field research for assessing the management practices related to cover crops and crop residues across different regions to support strategic use of BMPs.
Cropland management factors such as tillage and crop rotation are important factors to consider when addressing water quality challenges in cold agricultural regions. From the analysis of data collected from a long-term cropping system study in the semiarid region of the Canadian Prairies, Schneider et al. (2019) report that conversion to no-till management results in increased snowmelt runoff volumes, which lead to greater nutrient losses. They also find that continuous cropping decreases snowmelt runoff and nutrient concentrations compared with a no-till wheat (Triticum aestivum L.)-fallow system. Interestingly, the authors note that even with a shift to organic nutrient management, with no mineral fertilizer application, the contribution of green manure crops to subsequent snowmelt P losses is substantial, emphasizing the challenge of crop management to achieve water quality objectives in cold agricultural regions (Schneider et al., 2019) .
Water Management
To reduce water ponding conditions and promote crop production, poorly drained soils are drained artificially through drainage tiles or ditches in Europe and North America, including in many of the cold agricultural regions (Plach et al., 2019; Smith et al., 2019; Ulén et al., 2019; Vetsch et al., 2019; Wilson et al., 2019a) . Tile drainage can potentially reduce total nutrient losses by decreasing surface runoff and increasing nutrient sorption to soils. However, the effect of drainage tiles on water partitioning between surface runoff and subsurface drainage has been found to vary with regions. This is well demonstrated by the contrasting findings of Plach et al. (2019) in the Great Lakes region and Kokulan et al. (2019) in the northern Great Plains. Although snowmelt dominates annual runoff and nutrient loads in both regions, tile drainage dominates year-round runoff in the Great Lakes region (Plach et al., 2019) , whereas it contributes a very small proportion of year-round runoff in the Vertisolic clays of the Red River valley where most runoff occurs on frozen soils (Kokulan et al., 2019) . The results suggest that climate and the extent of soil freezing need to be considered when adopting tile drainage as a management strategy.
In contrast with tile drainage, surficial drainage via ditches can potentially increase total nutrient losses by promoting hydrological connectivity in the landscape. In Manitoba, Canada, Wilson et al. (2019a) examine landscape controls on nutrient export in nine agricultural watersheds with differing intensities of artificial drainage. They find that watersheds with more extensive networks of drainage ditches result in higher total P export with snowmelt and in an extreme rainfall runoff, higher P concentrations in rainfall runoff, and lower N/P export ratios in summer. Their results suggest that increasing or restoring storage of water on the landscape can likely help to reduce nutrient export from watersheds.
Management of Vegetated Buffer Strips
Vegetated buffer strips, which are installed at the edge of fields or along ditches, are the last barrier to conserve runoff and nutrients on land before entering streams. However, their efficacy in reducing dissolved nutrients has been questioned (Kieta et al., 2018) , as buffer zones may become a source of dissolved nutrient loss to streams due to saturation of soil nutrients and, particularly in cold climates, the release of nutrients from vegetation to water. Two studies in this special section demonstrate that vegetated buffers can vary in their nutrient retention efficacy. For example, Satchithanantham et al. (2019) evaluate the nutrient removal capabilities of riparian buffers by measuring runoff nutrient concentrations before and after passing through buffers for both snowmelt and rainfall runoff and find that P concentration of the buffer soils is a good indicator of whether release or retention of P will occur. The buffers perform as a sink to sorb the P in runoff at low soil P concentrations, but as a source to P loss at high soil P concentrations. For nitrates, they observe more variable responses, but overall, the buffers retain more nitrates during summer than during cold seasons, which likely indicates that the activities of plants and microbes in the buffers are particularly important for N removal (Satchithanantham et al., 2019) . Vanrobaeys et al. (2019) also evaluate nutrient concentrations above and below vegetated filter strips. They find that vegetated strips are better than cultivated land at reducing sediment and sediment-bound P concentrations but do little to reduce dissolved forms of P. The performance of the filter strips in retaining P shows strong seasonality-they have some efficacy in summer but fail to work in winter or spring. Vanrobaeys et al. (2019) recommend that managers should enhance the performance of vegetated filter strips during warm seasons when vegetation is growing but consider removing vegetation during winter to reduce the P loss from vegetation during these times. These studies add to the growing body of evidence that shows that although vegetated buffer strips can effectively remove some forms of P, their performance can be highly variable in space and time (particularly during winter). These units should therefore be carefully managed, and decision makers should not heavily rely on vegetated buffer strips, as they do not perform well for significant periods of the year in cold regions.
Managing Agricultural Water Quality in Variable and Changing Climates
The papers included in this special section reveal apparent interannual and cross-region variability of nutrient transport. Assessment of BMPs is complicated by potential interactions between soil, residues, climate, and management practices. This can be clearly demonstrated through the example of winter crop cover, vegetated buffer strips, and tile drainage (described in sections above). This emphasizes the need to assess the uncertainty of BMP efficiency associated with spatial and temporal variation in climate but also suggests that BMPs that are currently effective or ineffective in a particular region may change in efficacy with the changing climate. For example, although winter crop cover is generally regarded as a source of nutrient losses in cold agricultural regions (Liu et al., 2019b) , nutrient release is greater in very cold winters with rapid snowmelt runoff (Schneider et al., 2019) than in mild winters, which allow greater interaction between runoff and soil (Cober et al., 2019) . This suggests that cover crops may play a more important role in mitigating P loss in cold regions under a future, warmer climate. Another key illustration is shown in the results of Wilson et al. (2019a) in Manitoba, Canada, who show that P concentrations and export in rainfall runoff associated with extreme summer storms can be as large as those in snowmelt runoff. Although snowmelt has long been shown to dominate annual nutrient budgets in the northern Great Plains, this has the potential to shift in the future, given that an increase in summer rainfall has been reported for the region (Shook and Pomeroy, 2012) . In fact, there is significant potential for current water quality issues to be exacerbated. Given the changes in both temperature and precipitation that are anticipated for cold regions globally, and the fact that BMP efficacy can vary with climate, there is a need to "future-proof " BMP implementation (Crossman et al., 2013) .
Clearly, as we consider options to manage nutrient losses from fields in cold climates, we must consider them through a filter of variable and changing climatic conditions, and broader changes. Key factors governing both agricultural productivity and nutrient export are expected to change, including temperature and precipitation patterns, the number and intensity of extreme rain and snow events (Gornall et al., 2010) , and the number of freezethaw cycles to which the soil and plants are exposed (Henry, 2008) . Ultimately, the boundary of cold climate classification will shift (Beck et al., 2018) , as will flowpaths, hydrological regimes (Whitfield et al., 2002) , and crop and livestock production systems (Nelson et al., 2009) . Moreover, the sensitivity of downstream ecosystems is also expected to increase as a result of changing climate (Paerl and Huisman, 2009 ). Clear attention is required to address these changes, challenges to agricultural production, and implications for water quality management, although the complexity of integrating understanding of current and future climate, current and future land use, and nuances of different landscapes may necessitate model-based approaches.
Simulation models have been used for decades to better understand nutrient transport, BMP efficacy, and implications of changing climate. Within this issue, Vadas et al. (2019) and Sadhukhan et al. (2019) present modeling approaches, SurPhos and the Root Zone Water Quality Model version 2-Phosphorus (RZWQM2-P), respectively, to better understand how different manure management and policy scenarios affect P loss. Costa et al. (2019) develop a process-based mathematical model to predict vegetative nutrient release at a subdaily time step, helping to fill an important gap in water quality modeling which is the adequate representation of the effects of cover crops and crop residues on nutrient transport. In addition, new developments for DNDC including mechanistic simulation of tile drains were presented, supporting assessment of N transport responses to different climate and management scenarios across different soil textures Smith et al., 2019) . The new developments are anticipated to help support improved simulation of cold regions processes, and the broad suite of management concerns associated with nutrient management in agricultural landscapes. Given the tremendous challenge in simulating cold regime hydrology in conjunction with biogeochemical processes (Han et al., 2010; Costa et al., 2017; He et al., 2019 ), further refinement of simulation models is required.
Summary and Research Needs
Cold agricultural regions face a grand challenge in water quality management as a result of their special agronomic, biogeochemical, and hydrological characteristics, including short growing seasons, limited water infiltration on frozen ground, vegetative nutrient release after freeze-thaw, and enhanced transport of late fall and winter nutrient applications, as well as the challenges that also exist in warm regions such as soil legacy nutrients and nutrient stratification. This special section emphasizes the critical role of the nongrowing season in annual nutrient losses, the strong seasonality of nutrient transport in cold climates, the potential of nutrient, crop, water, and riparian buffer management to reduce (or increase) nutrient losses, and the varying efficiency of BMPs between years and across regions. Given these characteristics, BMPs related to nutrient uptake or immobilization (by biota-plants or microbes) are unlikely to work effectively in cold region landscapes where snowmelt is a key runoff event. Furthermore, the application of a "hot" nutrient source (i.e., nutrients in manure, fertilizer, and vegetation), ahead of a long, hydrologically active season where nutrients cannot be retained, is also not recommended. The findings of the special section point to the need to improve our understanding of how interactions among climate, hydrology, land, and management affect water quality in cold agricultural regions. This is especially important for designing BMPs to mitigate nutrient losses in variable and changing climates. Although this special section is focused on agricultural nutrients and water quality, other benefits of a management option (such as on soil health) and potential tradeoffs may need to be considered before adopting or dropping the practice. In particular, there is a need to redefine optimum soil P levels and input regimes in cold regions to allow achievement of water quality targets while still supporting strong agricultural productivity. Also, other agricultural water quality issues such as pesticide management and microbial risks deserve attention.
We propose a systematic approach to managing agricultural water quality in variable and changing climates described using the acronym "CUPCAKE" (Fig. 3) . We need to (i) Conceptualize the drivers and processes related to pollutant transport, and here our focus is on nutrient transport in cold regions. This conceptualization requires an improved understanding of how the special agronomic, biogeochemical, and hydrological characteristics of cold climates and the interactions of these characteristics influence nutrient losses.
(ii) Understand BMP functions to reduce nutrient losses in field settings. Many of the BMPs have evolved from warm climates but need to be further assessed in cold climates. (iii) Predict the effects of spatial and temporal variability in climate, hydrology, soil and management, as well as long-term changes in climate, hydrology, and production systems on nutrient turnover and transport, using modeling approaches. These variability and changes contribute to varying, interannual, and cross-region nutrient transport patterns and influence the efficacy of BMPs. (iv) Consider producer input and potential tradeoffs in terms of soil health, crop production, and environmental considerations (v) Adapt and implement management practices to suite climate and region. We will need to determine what practices, and how and when to adapt. (vi) Mobilize Knowledge and transfer successful experience. (vii) Evaluate water quality improvement through long-term monitoring programs, for which the response of water quality will be used to determine whether there is a need to reconceptualize drivers and processes and start the next round of BMP assessment. This approach is anticipated to help to achieve water quality objectives for drinking, recreation, fishery, and agricultural use in variable and changing climates.
